Aims/hypothesis Intramyocellular lipids, including ceramide, a second messenger in the sphingomyelin signalling pathway, might contribute to the development of insulin resistance. The aim of our study was to assess parameters of the skeletal muscle sphingomyelin signalling pathway in men at risk of developing type 2 diabetes. Methods We studied 12 lean (BMI<25 kg/m 2 ) men without a family history of diabetes (control group), 12 lean male offspring of type 2 diabetic patients, and 21 men with overweight or obesity comprising 12 with NGT (obese-NGT) and nine with IGT (obese-IGT). A euglycaemic-hyperinsulinaemic clamp and a biopsy of vastus lateralis muscle were performed. Ceramide, sphingomyelin, sphinganine and sphingosine levels and sphingomyelinase and ceramidase activities were measured in muscle. Muscle diacylglycerol and triacylglycerol levels were estimated in a subgroup of 27 men (comprising men from all the above groups). Results Compared with the control group, the lean offspring of diabetic patients and the men with overweight or obesity showed lower insulin sensitivity (all p<0.005) and a greater muscle ceramide level (all p<0.01). The obese-IGT group had lower insulin sensitivity (p=0.0018) and higher muscle ceramide (p=0.0022) than the obese-NGT group. There was lower muscle sphingosine level and alkaline ceramidase activity in offspring of diabetic patients (p=0.038 and p=0.031, respectively) and higher sphinganine level in the obese-NGT (p=0.049) and obese-IGT (p=0.002) groups than in the control group. Muscle sphingomyelin was lower (p=0.0028) and neutral sphingomyelinase activity was higher (p=0.00079) in the obese-IGT than in the obese-NGT group. Muscle ceramide was related to insulin sensitivity independently of other muscle lipid fractions. Conclusions/interpretations Ceramide accumulates in muscle of men at risk of developing type 2 diabetes.
Introduction
A decrease in insulin-stimulated skeletal muscle glucose uptake is an important step in the development of insulin resistance [1] . There is growing evidence for an association of impaired insulin action with intramyocellular lipid accumulation [2] . An increase in intramyocellular lipid level might be observed even in the early stages of the development of insulin resistance, i.e. in lean, non-diabetic participants with a family history of type 2 diabetes [3, 4] . In this group, muscle lipid accumulation was linked to impaired mitochondrial oxidative phosphorylation [5] .
One of the intracellular lipid fractions is associated with the sphingomyelin signalling pathway, which is shown in Fig. 1 [6] [7] [8] . Ceramide, a second messenger in this pathway, is generated during the hydrolysis of plasma membrane sphingomyelin by the enzyme neutral sphingomyelinase or the hydrolysis of lysosomal and endosomal sphingomyelin by acid sphingomyelinase [9] . Some cer-amide is also synthesised in a de novo synthesis pathway [10] from serine and palmitoyl-CoA in which the key intermediate, indicating the activity of this process, is sphinganine. The degradation of ceramide is catalysed by neutral and alkaline ceramidase and the products of this reaction are sphingosine and long-chain fatty acids [11] .
Tissue ceramide accumulation might contribute to the development of insulin resistance [12] . Experimental data indicate that ceramide might inhibit insulin signalling at the level of protein kinase B (PKB)/Akt [13] . It blocks insulin stimulation of this kinase by two independent mechanisms, i.e. translocation of PKB to the plasma membrane and stimulation of PKB dephosphorylation by protein phosphatase 2A [14] . Overproduction of acid ceramidase, an enzyme-degrading ceramide, prevented the inhibitory effects of saturated fatty acids on insulin signalling [15] . In mice, deficiency of stearoyl-CoA desaturase 1 (SCD1), an enzyme involved in the regulation of lipid metabolism, led to an improvement in insulin signalling [16] and to a decrease in ceramide synthesis [17] . Although opposite findings regarding the role of SCD1 in modulating insulin action have been reported, an increase in muscle ceramide level also led to inhibition of insulin signalling and glucose uptake [18] . Similarly, administration of ciliary neurotrophic factor prevented the development of lipid-induced insulin resistance and tissue ceramide accumulation [19] . There is also evidence that ceramide-associated insulin resistance is linked to enhanced apoptosis in skeletal muscle myotubes [20] .
In line with the above findings, we demonstrated an inverse correlation between muscle ceramide and wholebody insulin sensitivity in humans [21] . Another group reported an increase in muscle ceramide in obese, insulinresistant individuals [22] . In humans, muscle ceramide level is increased by acute physical exercise [23] and decreased by endurance training [24] . No data are available regarding the sphingomyelin signalling pathway in muscles of lean offspring of type 2 diabetic patients and in participants in the prediabetic state, i.e. in obese participants with IGT.
Insulin resistance is also associated with other muscle lipid fractions, such as long-chain fatty acyl-CoA [25] , diacylglycerol [26, 27] and triacylglycerol [2, 4] . The interrelationships between these lipid fractions and ceramides in inducing insulin resistance remain unknown.
The aim of the present study was to assess the parameters of the skeletal muscle sphingomyelin signalling pathway in different groups of participants at risk of developing type 2 diabetes, i.e. in lean offspring of type 2 diabetic patients and in obese men with NGT and with IGT.
Methods

Participants
The study groups consisted of 12 lean (BMI <25 kg/m) healthy men without a family history of diabetes (control group), 12 lean, healthy male offspring of type 2 diabetic patients, and 21 men with overweight or obesity; of the last group, 12 had NGT (obese-NGT) and nine had IGT (obese-IGT). In the offspring group, only participants with a strong Fig. 1 Scheme of sphingomyelin signalling pathway.
a Variables that were analysed in muscle in the present study. SPT, Serine palmitoyltransferase; S1P, sphingosine-1-phosphate family history were recruited, i.e. men having both parents with type 2 diabetes or one parent and one first-degree (brother or sister) or second-degree (grandparent) relative with type 2 diabetes. None of the participants had ischaemic heart disease, unstable hypertension, peripheral vascular disease, an infection or any other serious medical problem; all were non-smokers and none was taking drugs known to affect carbohydrate or lipid metabolism. Glucose tolerance status was estimated on the basis of an OGTT according to WHO criteria. All analyses were performed after an overnight fast. The study protocol was approved by the Ethics Committee of the Medical University, Bialystok. All participants gave written informed consent before entering the study.
Measurements
Anthropometric and biochemical measurements were performed as previously described [21] . Insulin sensitivity was evaluated with the euglycaemic-hyperinsulinaemic clamp technique, according to DeFronzo et al. [28] as described in [21] . The rate of whole-body glucose uptake (M value) was calculated as the mean glucose infusion rate from 80 to 120 min, corrected for glucose space and normalised per kg fat-free mass.
Fasting blood samples were also taken from the antecubital vein before the beginning of the clamp. Serum and plasma samples were frozen at −20°C until analysis for serum insulin, lipids and plasma NEFA.
Before the clamp, a percutaneous biopsy of vastus lateralis muscle was performed with a skeletal muscle biopsy needle 4.5 mm in diameter (Popper and Sons, New Hyde Park, NY, USA), as described in [21] . The biopsy was taken about 15 cm above the patella, using local anaesthesia with 1% lidocaine, after making a small skin incision (about 1 cm). Muscles were frozen immediately in liquid nitrogen and were kept at −70°C until analysis. To avoid contamination of extracellular fat, muscle fibres were isolated and lyophilised in liquid nitrogen before analyses.
Analysis of sphingomyelin signalling pathway in muscle Lipids were extracted according to the method of Folch et al. [29] and were then assayed as described in [8, 21] . Briefly, ceramides and sphingomyelins were separated by thin-layer chromatography on silica gel plates (Kieselgel 60, 0.22 mm; Merck, Darmstadt, Germany). Standards of ceramide (SigmaAldrich, St Louis, MO, USA) and sphingomyelin (SigmaAldrich) were run together with the samples. After separation, fatty acids, together with methylpentadecanoic acid (SigmaAldrich), used as an internal standard, were transmethylated in the presence of 1 ml of 14% boron fluoride in methanol at 100°C for 90 min [30] . The methyl esters were dissolved in 40 μl of hexane and analysed by gas-liquid chromatography.
Total ceramide and sphingomyelin level was estimated as the sum of the fatty acid levels of the assessed fraction and was expressed in nmol/g tissue [8, 21] .
Muscle activities of membrane Mg
2+
-dependent neutral sphingomyelinase and lysosomal Zn 2+ -independent acid sphingomyelinase were measured according to Liu et al. [31] , with the use of a radiolabelled substrate, N-cholinemethyl-[
14 C]sphingomyelin (PerkinElmer Life Sciences, Boston, MA, USA), as in our previous studies [8, 21] . The reaction product, N-choline-methyl-[ 14 C]phosphocholine, was mixed with 5 ml of scintillation solution for radioactivity counting.
The activities of neutral and alkaline ceramidases in muscle were estimated with a radioisotopic method described by Nikolova-Karakashian et al. [32] using a mixture of substrate containing 1 nmol N-palmitoyl-[l- Muscle sphingosine and sphinganine were identified and quantified by HPLC, as reported in detail elsewhere [21, 33] .
Analysis of other lipid fractions in muscle Additionally, in a subgroup of 27 men with tissue still available (eight control participants, seven offspring of type 2 diabetic patients, seven obese-NGT men and five obese-IGT men), muscle levels of diacylglycerol and triacylglycerol were measured. These fractions were extracted by thin-layer chromatography [30] and individual fatty acids were analysed by gas-liquid chromatography. Total diacylglycerol and triacylglycerol levels were calculated as the sum of individual fatty acid levels [34] .
Other analytical procedures Plasma glucose was measured immediately by the enzymatic method using the glucose analyser YSI 2300 STAT Plus (YSI Inc., Yellow Springs, OH, USA). Serum insulin was measured with a monoclonal immunoradiometric assay (Medgenix Diagnostics, Fleunes, Belgium). Serum total cholesterol, HDL-cholesterol and triacylglycerol were assessed by enzymatic methods (Cormay, Warsaw, Poland) and LDL-cholesterol was calculated with Friedewald's formula. Plasma NEFA were measured by a colorimetric method [35] .
Statistical analysis
Statistical calculations were performed with the Statistica 7.0 program (StatSoft, Krakow, Poland). Differences between groups were evaluated with the Mann-Whitney U test. Offspring, obese-NGT and obese-IGT groups were analysed in comparison with the control group and additional comparisons were made between the obese-NGT and obese-IGT groups. To adjust for differences in age and anthropometry, multiple regression analysis with subsequent analysis of residuals was used. Relationships between variables were analysed using Spearman's rank correlation r and multiple regression. Significance was accepted at p<0.05.
Results
Clinical characteristics of the studied groups are shown in Table 1 . Compared with the control group, insulin sensitivity was lower in the offspring of type 2 diabetic men (−27.19%, p=0.0047) obese-NGT men (−31.99%, p=0.0047) and obese-IGT men (−69.81%, p=0.00012). The obese-IGT group had also lower insulin sensitivity than the obese-NGT group (p=0.0018).
Differences in muscle ceramide between the groups paralleled the differences in insulin sensitivity. Muscle ceramide level was greater in the offspring group (+49.91%, p=0.0094), the obese-NGT group (+81.15%, p=0.0056) and the obese-IGT group (+199.02%, p=0.00012) than in the control group and greater in the obese-IGT than in the obese-NGT group (p=0.0022) (Fig. 2) . Muscle sphingomyelin level was lower in the obese-IGT than in the obese-NGT group (p=0.0028) and there were no other differences in muscle sphingomyelin between groups (Fig. 2) .
No significant differences between the groups were observed in the percentage of saturated (myristic, palmitic, stearic, arachidic and behenic acid), monounsaturated (palmitoleic, oleic and nervonic acid) and polyunsaturated fatty acids (linoleic, linolenic, arachidonic, eicosapentaenoic and docosahexaenoic acid) (Fig. 2) and in the percentage of each particular fatty acid analysed individually as ceramide and sphingomyelin moieties.
Activity of neutral sphingomyelinase was markedly higher in muscles of the obese-IGT men in comparison with the control group (p=0.00052) and the obese-NGT group (p=0.00078). Muscle acid sphingomyelinase activity did not differ markedly between groups, although the difference between the obese-IGT and control groups approached significance (p=0.089) ( Table 2) .
We found a lower muscle sphingosine level in the offspring group (p=0.038) and a higher level in obese-IGT men (p=0.031) in comparison with the control group. Muscle alkaline ceramidase activity was lower in the offspring group than in the control group (p=0.031). The differences in muscle neutral ceramidase activity between all the studied groups were not significant. We observed a higher muscle sphinganine level in the obese-NGT (p= 0.049) and obese-IGT (p=0.002) groups than in the controls ( Table 2 ).
The two groups of obese men were slightly, although nonsignificantly, different in age and anthropometric measurements. However, all the differences found between these groups, i.e. in M value, muscle ceramide, sphingomyelin and neutral sphingomyelinase, were still present after adjustment for age, BMI or waist circumference (all p<0.05).
In the subgroup of 27 men, there were no differences in muscle diacylglycerol and triacylglycerol between the obese-IGT and obese-NGT groups and between the control and offspring groups. Both obese groups had a higher muscle diacylglycerol level (obese-NGT, p=0.049; obese-IGT, p= 0.019) and a higher triacylglycerol level (obese-NGT, p=0.02; Table 2 ). The study groups did not differ in the percentages of individual fatty acids in diacylglycerol and triacylglycerol. As in our previous study, muscle ceramide ( Fig. 3 ), sphinganine and sphingosine were inversely related to insulin sensitivity (r=−0.61, p=0.000007; r=−0.49, p=0.0006; and r=−0.33, p=0.03 respectively). After the exclusion of the obese-IGT group from the analysis, associations of ceramide and sphinganine with M value were still present (r=−0.37, p=0.025 and r=−0.36, p=0.032 respectively). Insulin sensitivity was also inversely related to muscle neutral ceramidase activity (r=−0.37, p=0.02). In the entire group, postload glucose was positively correlated with neutral acid sphingomyelinase activity (r=0.51, p=0.00052) and acid sphingomyelinase activity (r=0.54, p=0.00018).
We found that muscle diacylglycerol and triacylglycerol were both negatively related to insulin sensitivity (r=−0.53, p=0.0048 and r=−0.52, p=0.0059, respectively) and that they were not related to muscle ceramide. In the multiple regression analysis, ceramide predicted insulin resistance independently of diacylglycerol (adjusted β=−0.58, p= 0.00028) and triacylglycerol (adjusted β = −0.56, p = 0.00069) and both diacylglycerol and triacylglycerol predicted insulin resistance independently of ceramide (adjusted β = −0.38, p = 0.0099 and β = −0.34, p = 0.028, respectively).
Discussion
In the present study, we observed an increase in muscle ceramide level in men at risk of developing type 2 diabetes. The mechanism of muscle ceramide accumulation might have differed in the different groups of participants. The greater muscle ceramide level in the offspring of type 2 diabetic patients in comparison with the control group was accompanied by lower muscle alkaline ceramidase activity and lower muscle sphingosine level. These findings suggest that the reason for ceramide accumulation might be an impairment in its degradation. So far, no data are available to compare with our results regarding the impact of family history of type 2 diabetes on ceramide metabolism in muscle. Experimental studies indicate that inhibition of ceramide degradation might have a profound effect on steady-state ceramide levels in tissues and might augment ceramide-associated insulin resistance [36] .
The higher muscle ceramide level in the obese individuals observed in our study is in agreement with the data of Adams et al. [22] , although Serlie et al. [37] did not observe a difference between lean and overweight/obese individuals. In our study, the concurrent increase in muscle sphinganine might indicate that ceramide accumulation in obesity might be due to an increased rate of its production in the de novo synthesis pathway. The increase in serum NEFA reached significance only in the obese-IGT group in comparison with control group; however, one might hypothesise that enhanced de novo synthesis is dependent on NEFA, as exposure to long-chain saturated fatty acids promotes ceramide accumulation [38] . The greater neutral sphingomyelinase activity and lower muscle sphingomyelin level in the obese-IGT group in comparison to the obese-NGT group suggest that the larger increase in muscle ceramide level observed in this group might have resulted from greater sphingomyelin hydrolysis. Although the cross-sectional design of our study does not allow us to establish causality, one might hypothesise that this is a secondary phenomenon. If sphingomyelin hydrolysis was the result of obesity, it should also have been observed in the obese-NGT group, and if it was genetically determined it should have been noted in the offspring group. In previous reports, an increase in ceramide with a concurrent decrease in sphingomyelin was reported in the muscles of rats with streptozotocin-induced diabetes [39] and in the sera of type 2 diabetic patients [40] . In our in vitro experiments with the rat soleus muscle, we observed that the addition of glucose to the incubation medium had no effect on the neutral sphingomyelinase activity (M. Straczkowski and P. Zabielski, unpublished observations). It is therefore unlikely that hyperglycaemia itself stimulates tissue neutral sphingomyelinase activity and one might hypothesise that the observed findings are associated with other factors, so far unknown, related to the prediabetic or diabetic state.
As in our previous study, muscle ceramide was inversely related to insulin sensitivity [21] . Experimental studies revealed that even relatively small changes in the tissue ceramide level are sufficient to antagonise insulin action [36] . Data on the lean offspring of type 2 diabetic patients suggest that defective ceramide degradation is a primary abnormality, which leads to accumulation of ceramide in muscle and the subsequent development of insulin resistance.
Given the facts that studies in muscle culture demonstrate that overproduction of acid ceramidase prevents the inhibitory effects of saturated fatty acids on insulin signalling [15] and that muscle alkaline ceramidase activity was decreased in the offspring group, it was tempting to speculate that ceramidases would be positively associated with insulin action. In fact, we observed the opposite. When the entire group of participants was analysed, muscle neutral ceramidase activity was inversely related to insulin sensitivity and both ceramidases were increased (although non-significantly) in the obese groups. We hypothesised that, in obesity, a slight increase in muscle ceramidase activity is secondary to an increase in ceramide, in order to prevent its further accumulation. In obese people additional factors are present, resulting in an imbalance between ceramide synthesis and degradation and, in consequence, further aggravation of insulin resistance. Direct causality cannot be established on the basis of the present research, and this should be considered as an important limitation of our study. Another limitation is the fact that we performed only static measurements of the muscle activities of enzymes regulating ceramide synthesis and degradation and the muscle levels of ceramide metabolites, and these measurements do not necessarily reflect the changes in the dynamic metabolic processes. The results of the present study might suggest only indirectly which processes lead to muscle ceramide accumulation in the different groups of men at risk of type 2 diabetes. A possible limitation of the present study is also associated with the relatively low number of participants in the studied groups. Larger studies are required to confirm our findings.
As already mentioned, in other studies long-chain fatty acyl-CoA [25] and diacylglycerol [26, 27] were found to be the main muscle mediators of lipid-induced insulin resistance. Exercise training in humans decreased both ceramide and diacylglycerol level in muscle, especially the saturated fatty acid level of both lipid classes [24] . In our study, the relationship between muscle ceramide level and insulin sensitivity was independent of muscle diacylglycerol and triacylglycerol. Similarly, muscle diacylglycerol and triacylglycerol determined insulin resistance independently of muscle ceramide level. Our data indicate that there are multiple possible pathways mediating lipid-induced insulin resistance.
The findings of the present study provide new information about an increase in muscle ceramide in men at risk of type 2 diabetes. Two recent experimental studies identified ceramide as a key mediator of the development of insulin resistance in muscle. In the first of these, incubation of human muscle cells with palmitate resulted in the accumulation of ceramide and diacylglycerol. The development of palmitate-induced insulin resistance was blocked in the presence of inhibitors of de novo ceramide synthesis [41] . In the second study, inhibition of ceramide synthesis prevented the development of insulin resistance in obese rodents [42] . So far, there is a lack of data regarding the effect of specific treatment to decrease tissue Muscle ceramide (nmol/g tissue) Fig. 3 Relationship between muscle ceramide concentration and insulin sensitivity. Circles, controls; triangles, offspring; diamonds, obese-NGT; squares, obese IGT. r=−0.61, p=0.000007
ceramide on the action of insulin in vivo in humans. Given the findings of our and other studies, it might be useful to examine whether treatment to decrease tissue ceramide level leads to an improvement in insulin action. It would also be interesting to test whether genes encoding the enzymes regulating ceramide metabolism influence the predisposition to type 2 diabetes.
In conclusion, ceramide accumulates in muscle in men at risk of type 2 diabetes. Our data suggest that, in the offspring of the type 2 diabetic patients, this was the result of decreased ceramide degradation, whereas in the obese groups there was increased de novo ceramide synthesis (in both obese-NGT and obese-IGT individuals) and sphingomyelin hydrolysis (in the obese-IGT group).
